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Dascription
APPLICATION OF TETRATHIAFULVALENES IN BIOELECTROCHEMICAL PROCESSES

Field of the Invention
The pressnt invention relates to the use of taetrathigfulvalene (TTF)

Ho® B

and fts dertvatives as mediator malsculss in the transfer of alectrons betwesan redox systems and clactrodes In
bloelsctrochemical processes. Such processes may be for example bloslectrochemical asssy procedures,
blological fusl cells and bloslactragynthasia of chemicals.

Background to the inventian

Tha electrochamistry of cxddoreductases has received considerable attention In relation to appllcations In
enzyme elactrodes(-4). Many of tho same considerations apply to thalr use in immunoassay and other
enzyme-labellad assays e.g. DNA and RNA probe assays. In particular, highly efficlant coupling of enzymic
activity to the elactrochemical detactor Is essential far sensitive and rapld assays. A numbar of approaches for
ths reallsation of elsctron transfar from biologleal systema to emperometric slectrades have been described,
but arguably the most effective Is the use of low molecutar weight mediators to shuttla electrons between tha
catalyst and an slectrode. Verlous mediators that have baen reportad far use in enzyme sigctrodes, such as
tarvicyanide(G), tetracyano-p-quinodimethane(6land ferracans(?-8) could alzo be ussful In immunosensors.

Electrode

Gzﬁconc!e

= Immobilised antibedy

= Antigen

= Oxidozeductase

EOo*[

o ﬁaﬂc&cx

Medlatad anzyme-linked lmmunoassay, in which @ GOD [zbo! was monkorad using a forrocene darivative,
was first raportad in 8850101, A mors clogant paasibllity Is the use of tho mediator moleculs as a labsl. Weher ot
alth praducad a conjugate of morphine and ferrocane carboxyllc acld. They showed that the alectrechamical
oxddation of tha farrocens fabel was reduccd whan merphin  antibogy bound tho conjugato and usad thie
principle In a displacement assay for cadeln  (ees (a) balow). Sinco the key to practical axidoroductase
elactrachamistry is the availabllity of a madlater such as farracan | it was apparant thet this princlplo couls bo
used to trigger an clactrochemically coupled enzymo-catalysad reaction (sae (b) b low).
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The effective racycling of the ferrocene by GOD resuits In a further amplification of the signal over
{ectrochemical noise due to elactroactive aubstances present in the semple.
Electrochemically couplad enzyme reactions may also be activated by providing missing cofactors or
coenzymes(!2). Quinoprotein dehydrogenesss could prove particularly valuable in this respect.
An immunoassay for prostatic acid phosphatase (PAP), a pros tate tumor marker from human serum, which
relles on enzyme ampiification is shown belowt13).

NADP

o
: W

lectrode Y
2FelT(CN)g NAD
* Ethanol
) _ Diaphorase Alcohol \D:hydzogenase
20—
Acetaldehyde
2F GIH(CN)é N

The catalytic activity of the enzym labal (alkaline phosphatase) used In a sandwich assay Is monitored by
the addition of the sub trate NADP+ leading to the formation of the d phasphorylated product NAD +. The
NAD+ formed nters a redox cycle Involving the anzymaes alcohol dehydrogenase and diaphoras laading to
the reduction of a mediator (ferricyanide). El ctron from the NAD+/NADH redox cycle passed via th
dlaphorase to the Feu(CN)a/Feu(CN)e ¢ uple. The reducod pecies Fay(CN)g was reoxidi ed at a platinum
alectrade at 460 mY versus a saturated calomel elactrode producing an amperometric ragsponse.

Similar principlas may be appil d to oth r affinily reactions such as DNA and RNA probo asaays.
Amporometria onxyma cloatradoc havo boan Imwootigotod In whiloh the ologtrede has 8 ooNauGtivo JUITECH
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comprising an organic solld with metal-lke alectrical conductivity (*organic metal®}. These substances are
formed as charge-transfor complexes hetween an electron donor molecule and an electron acceptor
molecule. The principal investigations have been with 7.7.8,8-tetracyanoquinodimethane (T CNQ) a3 elactron
acceptsd and N-methyl-phenazinium (NMF) as electron donor, but the possibility of TTF+ TCNQ- complaxes
has also been consideradfi4). Howaver, the present Invention Is dealing with the use of TTF In a different
context; uncomplexad, as a mediatar of efectron transfer.

Summary of the Inventon

According 10 one aspect of the presant Invention there Is provided a bicslectrochemical procass Invaiving
elactran transfer betwaan a redox systam and an electrods, characterisad In that said electron transfar is
mediated by a tatrathisfufvalene, not being an "organic metal® complax. The TTF Is preferably deposited on the
electrode, but may be In solution. An oxidoreductsss anzyme may be immoblilsad on the elactroda. The
Inventlon also Includes assay procedures Incorporating such procasses, and TTF-modified electrodes for use
In the processas.

Brief dascription of the drawings
urther features of the (nvention will be described with referance to the accompanying drawings, wherain:
Fig.| shows a dlagrammatic cross-sectional side visw of an alectrodea;

Fig2is a graph showing current potantial response of a TTF-modifled glucase oxidase electrode;

F19.3 I8 a graph showing a callbration curve of steady state current varsus glucoge concentretion for a
TTF-modified glucose oxidase electrode:

Fig.41s a graph showing a pH profile of the TTF-modiflad glucose oxddase electrode;

Fig.5is a graph showing ternpemture responsa of the TTF-modifiad gluocosa oxidass electrode;

F19.€ Is @ graph showing the sffect of nitrogen and oxygsn saturation on the anodic current of a typlcal
TTF-modlified glucoss oxidase electrode, at saturating glucosa concentration;

Flg.7 is a graph showing the decay of a typlcal TTF-medified glucose oxidasa elsctrode at saturating
glucose concantration;

FIg.8 shows a callbrution curve of a membrang-antrapped glucose dehydrogenase TTF-modified
electrods;

Fig.9 shows a lingar sweep voltammogram of solubilised TTF and glucose with (curve A) and without
(curve B) glucoss oxidase; and

Fig.l0 Is a graph showing a calibration curvs of steady state current versus glucase concentration for a
TTF-modified electrode on which GOD has been immobllised by an Improved procadura.

Detafled description

Construction of Elactrode i

A) As shown In Fig. | an efactroda 0 is constructed from a 6.0 mm diameter graphite foll disc 12 which Is
comented to 3.0 cm lsngth of precut soda glass tube I8, 70 mm in diameter, using epoxy rusin
(Arsldite - Trade Name). The resin Is allowed to harden for 20 minutes at [00° C. A 6 cm length of Insulated
wire Is attached to the back of the graphits foll 2 with siiver loadod apoxy resin 4 (Araldite) and left to set
for 20 minutes at (00°C. ) .

8) 0 mg of TTF (FLUKA) were addad to | ml of acetone and allawed to dissalve. The efectrods I0 was
piaced In this solution and left at 30" C for two hours. After this tims the slectrode was removed and left to
alr dry for 60 minutes at room temperature,

C) The afectrode [0 was transferred to a solution of 20 mg/mi l-cyelohexyl-3(2-momphollnoathyt)
carbodlimide matho-p-talusne sulphonats (Sigma Chemical Company) In 0.5 M cltrate butfer gH 5.5 for 30
minutas af room temperature. This Is a bifunctional ligand to ald immobiiisatien of the enzyme on the
electrode through. covatant bonding betwaan carboxyl and amino groups. The electrede was rinsed

rinsed in 20 mM phosphate buffar pH 7 and waa readyta uss.
The resuits given below are dartved from everaging the output of fiva electrodes constructed and preparad
as above. The output of ths different electrodes can vary conslderably and will dspand ta some extent on the
surfaca ares. However, careful construction can Increass the conslstancy between electrodas.

%%mtua

6 gensars ware operated using a BBC 32K microcomputer via a programmable biosansor [nterface
{Artek, Lavendon, Bucks., England)®8), This system utllised a Ag/AgCl referance elactrode. A three alectrode
configuration wes also emplcyed for temperaturs profile and current potentlal curva datarmination. A
8aturated calomel electrode was used a9 a reference and the auxliary electrod was 0.48 mm dlameter
platinum wire. . | -

Tha sensors ware Immersed in (S ml of buffer (usually 20 mM phoaphate buffer pH 70), contalned ina 20 mfl -

glass water-jackated cefl thermostatted at 25 + 0.6°C. Unless stated otharwine, the senscrs were poised at
200 mV versus Ag/AgGI or 80 MV varsus saturated calomeal e ctrods. o )
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Buffers and Reagents
The standard guﬁer was 20 mM sodium phosaphate pH 7.0 containing 0. M KC..
The buffers used for tha pH profilas containsed 0.1 M KCl and ware as follows:

pH 4.0, 20 mM clitric acid-Na; HPO4

pPH 4.4, 20 mM cltric acld-Na; HPO,4

pH 6.0, 20 mM citric acid-Nag HPO4

pH 5.8, 20 mM sodium phosphate

PH 6.3, 20 mM sodium phosphate

pH 7.0, 20 mM sodium phosphate

pH 7.5, 20 mM sodium phosphate

pH 8.0, 20 mM sodlum phosphate

pH 8.4, 20 mM soadlum carbonate

Buffers used In the thres electrode system lacked 0.1 M KCI. Giucase was Introduced Into ths system by
injsction of known valumns of 1.0 M D-giucose which had been stored overnight to allow squilibration of a- and
B-snomers. All chemicals were of analytical grade.

Calibration of the Enzyme Electrode
Tha currant voitage response obtained for the TTF modifled glucose axidase (GOD) electrodes |s shown In

Fig.2. This was obtained by subtracting the currents given by the electrode in the absenca of glucose from
currents glven by tha electredes in the presence of glucose, at various operating potentlals. The plateau
reglon from 220 to 400 mV concurs with other unreparted data obtalned from diract current cyclic voltarnmetry
of TTF. It was at potentials near the lower end of this reglon thet the electrodes were operated, thus minimising
the effect of small flyctuations In the referance potantlal, whilat also minimising tha amount of
enzyme-independent oxidation of redax species presant in samples. Control electrodes lacking TTF or GOD
gave no current in response to glucose.

Tha elactrodes gave a linsar steady-state current rasponse in the ranga 0 to 25 mM (Fig.3). Abave 25 mM
th calibration curve became non-linear satursting at 70 mM glucose. This was conalatant with pravious
resuits using ferrocene(® and was conslidered to be a reflaction of the Inherert enzymo kinetics of the
Immobiliiged glucose oxidase under these conditions. The response of the electrods to glucoso was rapid; the
elactrodes typlcally took 3 to 5 minutes to reech a steady-state currant, 90% of this responae being achiaved
60 to 20 seconds after the glucose addition. The standard deviation error bars shown In Flg.3 for
measuremants from fiva differant electrodes indicate the reproducibliity afforded by thie simple fabrication

technique.

pH Proflle of Enzyme Electrodas

The affect of pH on the anodic current of the electroda was invastigated over the range, pH4.0to 8.4 (Fig.8).

Th dataln Fig.4 |s expressed as a percantage of the current at pH 7.5 to raduce the error between oloctrades
of different Initlal actlvity. The electrodas demonstrated an optimum at pH 7.6. This reault Is In agraement with
data published for the use of glucose oxidase with other artificial electron acceptora(léts), comparad to the pH
optimurn of 5.5 to 5.7 when oxygen ls the afectron acceptori?). TTF roplaces oxygen in the native reaction, this
greatly reducing the proeduction of hydrogen paraxide. This results [n an excess of protons in clase proximity
to the enzyms making the micro-enviranment of the enzyme bscome more ecidic and producing an apparantly
more baslc pH optimum for the onzyme. The extromes of the pH range gave rise to danaturation of the enzyme

alectrodea.

The Effact of Temperature on the Enzyme Eloctrode
The effact of temparaturo on the electrode was investigated batwaeon 4 to 5§0°C. Flg.6 shows the typical

increaso of an slectrode’s steady-state curront in responso to Increasing tempereatura, &t saturating glucose
concentrations (80 mM). Within the linear portion of the graph there was an average incraase of 1.8 pa/°C.
Above 35°C the piot ceased 1o be linear due to thermal denaturation of the enzymo olectrode. When
maintalned &t temperatures above 35°C the current fall rapidly, this offect being more sovare at higher

temperatures.

Th Effect of Oxygen on the Enzyme Electrods

Fig. 8 Is a graph showing the effect of nitrogen and oxygen saturation an the anodle currant of a typicat
TTF-modified glucose oxidase elsctrade, nt saturating glucose concentration (Glucose = 00 miM).

Peak currents achleved from the electrod s when operating In oxygen-saturated bufier wer 15.100 +
5.896% (n=65) | wer than the peak currents obtained in nirogen saturataed buifer. The el ctrodes ware poisad
at a low potantlal (200 mV v reus Ag/AgCl) and any H203 produced would not have been oxidised by the
electrode. The oxygen interferance effect waa the rasult of compstition between TTF and oxygen for clectrona
from the reducod enzyme, highlighting the nesd for a madiator to have a high affinlty for olectrone and fast
elactron trangfar kinotice. Whan the lectrodos ware operated In air saturatsd buffar the reducti n In cument
du to oxygen In tho alr was leas than 56. Under normel oparating conditiongs, therefore, axygsn Interfersnce
would be nogfigiblo.
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Stabllity of the Electrodes
Fig.7 Is & graph showing the dacay of a typtcal TTF-modifisd glucosa oxidase electrade at satyrating glucose
concantration (Glucose = 100 mM).

5 When fresh electrodes ware run under saturating glucose concantrarions (80 mM) the peak current had a
half-life of 1.5 to 2 hours. The paak current svantually fell to a steady level after ca. [2 hours. This wes not dus to
cansumption of the glucose by glucase oxldase, since further additions of glucose did not give rise to highar
currants. When transferred to fresh buffer contalning 80 mM glucoss, however, up to 3590 of the original
activity could be regained. When this process was repeatad with the sams electrodss simiiar results were

70  obtalned. These preconditioned alectrodes responded to glucose additions after 20 hours of cperation, giving
25.4%/0 + 2.99% (n~=5) of the original current response. Enzyme electrodes wers storsd In 20 mM phosphate
butfer pH 7.0 at 4°C for 5 weeks. After this tima the electrodes produced normal rasponsas to additions of
glucose. The cirents achleved from the elactrodes wara 26.5% + 8.8%0 (n =6) of the currents glven by frash
slectrodes.

15
TTF-modifled Glucose De nase

The usetulness of Tik a dehydrogenase, quincprotsin glucosa dehydroganass (EC 1.1.99.I7) was
studied. This NAD-Independent glucoss dehydrogenase Is of particudar interest to biosansor work as axygen
does not play a rols In Its native reaction, thus It is less susceptibie to changes In oxygen tenslon than glucose

20  oxldase.

The base electrodes were constructed and set up a9 described previously. A standard dlatysia membrans
was bolled In Ko EDTA for IS5 minutes and than thoroughly washed In purified water. The TTF modified
electrodes ware washed n 20 mM acetats buffar, pH 5.5, and concantrated glucase dehydrogenass Isolated
from Acinetobactar calcoasticus (50 ul) was appiled to the surface of the elactrode and was retainad behind a.

25  plece of prepared dialysis mambrane by a rubber O-ring. Calibration of the electrode was performed as usual.

As shown in Fig. 8, the slectrode gave a finear steady-state current response in the rangs 00 mM. Abova
this value the calibration curve became non-linear saturating at ca. 50 mM. Thus, glucose/TTF will readlly
transfer efectrons from glucose dehydrogenass.

30 The Use of TTF with L-amino-acid Oxidaas as an L-amino-acid sansor
Preliminary experiments ware also performed on an L-amino aold gsnsor using TTF as a medlator. L-amino
acid sensors wera constructed essentially as described by Dicks et al (8), with the axception that TTF was
uced as an Immobillsed mediator in the pfacs of farrocane. On addition of 500 pf of | M L-giutamic acid a mean
Increase In anodic current of IS uA was obzerved. These rasults suggest that L-amino acld oxidase is
35 compatible with TTF aa a mediator.

Electron Transfer from Glucose Oxidase to a Graphits Electrode in Aqueous Solution

TTF Ia exdremagly insoluble in water. i is this property which ailows it to ke readily entrapped at an electrode

surface when used in buffered solution. i Is, howaver. somstimes deslrabie to usa mediators in aqueaus
40 salutlon, for example to investigate the kinatice of electron transfer from enzymaesa to mediators or for use In
electrochemlcal enzyme ampfification and labelling systems.

40 mg of TTF was dissolved in | m{ of Tween-20 (Trade Mark). This solution was mada up to I00 mi with 20 mM
sodlum phosphate buffer, pH 7.0. A three electrode systom as previaously described was employed with the
addition of a potential ramp generstor. A 5 mm diamater glassy carbon working elactrode and a pfatinum

45  countar elactrodo ware usad. with a satureted caloms] elsctrode as referanca. The experiment was pserformead
at 25°C, IS m( of 20 mM phoaphate buffar, pH 7.5 was placed In to the reaction cell: to this was added 300 ul o
the TTF solution and 300 ul of | M glucose. Linear sweep voltametry (L.S.V.) at a sweep rate of 4.5 mV/sec was -
then performad. Onca thia was complste 300 Bl of 20 mg/mi glucose axidase solution was eddad and the
LS.V. repeated,
50 As can be sean from Flg. 8 significant electron transtar from the glucoss oxidase to the sfectrode via TTF
was achlsved. The catalytic peak was observad at ca. 220 versys 5.C.E. which carrespands with tha oxidation
poak of TTF detanmnined by cyclic valtametry.

Sensor with improved Enzyme Immobilisation ‘
&5 ing to the relative instabiltty of ths carbadlimide Immobilsed elsctrodes, the lifstime of the electrades

can bs Improved with a superior Inmobillsation method. Glucoss oxidass Is & glycoanzyms (contalning 8%
carbohydrate) which offars the opportunity ts link enzyme molecules together and to an electrod via its
carbohydrats chains rather then through amino acid residueso),

Th bases electrodes wers constructed as described previously and s three elactrode systern was ampioyed

&0 exactly as before.

100 mg of glucose oxidass (Sturge) (EC L1.3.4) waa disaoived with I0 mg sodium-meta-periodats In 5 mi 200
mM acetate buffer, pH 6.5 and stirred avemight In the dark et 4°C. The enzyme was dssalted using a Saphedex
@-25'column (Pharmach PD-I0 prepacked column). The resultent periodate axidised enzyme was then stored

at 4°C and was used within 2 weeks. The graphlte base lectrodss wera Immersed In a soiution of
85  haxadecylamine in ethanal ! mg/mi) for I5 mimstos. The slocirodes ware removed, shaken and allowedt elr
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ary. The dry electrodes were then placed In & solution of TTF in acetone (I0 mg/mi) and left for | hour at room
temperatura, removed, shaken and alflowed to air dry. Following this procedura, the electrodes were placed
into the perlodate-oxidised glucose oxidase solutlon end Incubated at room tamperatura for 80 minutes. After
removal from the enzyme salution the slectrodes wers immediately placed In a solution of adipic dihydrazide in
|00 mM sodium acetate buffer, pPH 5.5 (2.6 mg/mi) and left for 30 minutes at room temperature. The electrodas
were then rinsed in distilled water and were ready for uae or storage in 20 mM phosphate buffer pH 7.5 at 4°C.

As shown In Fig. |0, the slectrodes gave a linear steady-state current response in the rangs 0-15 mM glucose.
Above 16 mM the callbration curve became non-iinear as the glucose concentration approached electrode
saturation. The current response of the electrodes wns high. The responsa of the electrode was repld and
comparable 10 that achieved with carpodiimide treated olectrodes, taking 2-4 minutea to reach steady-state
ourrant, 8096 of this response baing reached In 80-80 saconds. The helf-lifa decay of this electrodes’ response
at saturating glucose concantrations (50 mM) was ca. 5.6 hours. This was an Improvement of soma 3 hours
over the carbodiimide treated electrodes. Thia method can be further Improved by the use of periadate
oxldised dextran to cross-ink the cnzyme with adipic dihydrazide.

Conclusions
Enzyme alectrodes based on TTF exhibited fast elactron transter, low oxygen Interfarence and a rapld

response time with raproducible performance betweon alectrodes. The effect of pH agrees with other
published dats regarding glucose oxidase and artificlal electron 8cceptorsfi6l8). The pH optimum, however,
was more marked than data presented on PH dependance of ferrocene medlated glucose oxidase
electrodss(8). Preconditioned electrodes were reasonably stable and may be suitable for use In “one-shot”
tests using disposable elactrodss. Short term continucus use would also be possible.

Thess results demonstrate that TTF ls a useful and versatile mediator of electron transfer between blolagical
systems and elactrodas. Blological systems may be enzymes, cell fragments, intact cells, tissues or enzyme
labelied affinity reactions. TTF derivatives, such as mono- or poly-carboxyllc acid derivativea or mona- or
poly-amino derivatives, may be praferable to TTF itsetf In some Clrcumstances. for example (n providing
greater solubliity where the TTF Is to be used In solution, or In providing side groups for linking the TTF
molecuis to the electrade surface, an enzymae, or both. Thus, TTF will be useful m a number of configurations
which have previously besn demonstratad with othar medlators. These Include:

() lInking a TTF derivative such as monocarboxylic acid to an enzyme thus randering It
slectrochemically active(20);

(M) the use of mediators for affinity assays (Immunoassay, RNA probes and DNA probes) either as a
soluble mediator or a darivative which Is cleaved and then takes part In or activates an electrochemical
reaction;

() electrochemical appiications such as biologlcal fuel cells and bloelectrosynthesis of chemicals.
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Clalmo

l. A bloslectrochamical process irvolving electron transfer hetween a redox system end an elgctrods,
characterised in that sakd alectron transgfer Is mediated by a tetrathiafulvalens, not being an electrically
conductive charge-transfar complex with an alectron acceptor molecute.

2. A process according to clalm | whereln the tatrathisfutvalene Is in solution.

3. A process according to clalm | wherein the tetrathlafulvaians is depasited on sald elactrode.

4. A process according 0 any one of the precading clalms wherein aald slectrode has immobilised on it
an oxidorsductasc enzyme that takos part in eaid process. .

S. A procsss according to clalm 4 wherein the enzyme Is a glycoprotsin immoblilsed on the slectrods

'vie its carbohydrate groups.

6. A procass according to any ons of the preceding claims wharein the procass involves the oxidation
of glucoae catalysad by tho enzyme glucoso oxidase or glucocs dehydrogenaso or tha oxldatlon of an
amino acld by amino acid axidane.

7. An assay procedura which comprises a procass accarding ta any ene of the precading claims.

8. An assay procadurs according to clalm 7 whereln the process comprisas an anzyme-labelled affinity
reaction.

9. An electrode for use in a bleslactrochemical pracess aof claim |, sald electrode comprising a
conductive surface onto which e tetrathlafuivalena is deposited.

10. An electrade eccording to claim 8 wharein aald conductive surface comprises graphita.

.. An electrode according to claim 9 or claim |0 whersin the conductive surface afso has an
oxidoraeductass snzyme immabilised on k.

12 An slactrode acecarding to claim I} whereln the enzyme Is a glycoprotaeln and e Immobllised on the
conductive surfaca via its cardohydrate groups.

13. An alectrodo aceording to clalm Il or claim (2 whereln gald enzyma Is glucoss axidase.

i4. A bicslectrochemical call Incorporating an elactrode of any one of claims 910 I3.
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